We demonstrate sub-wavelength sectioning on biological samples with a conventional confocal microscope. This optical sectioning is achieved by the phenomenon of supercritical angle fluorescence, wherein only a fluorophore next to the interface of a refractive index discontinuity can emit propagating components of radiation into the so-called forbidden angles. The simplicity of this technique allows it to be integrated with a high numerical aperture confocal scanning microscope by only a simple modification on the detection channel. Confocal-SAF microscopy would be a powerful tool to achieve high resolution surface imaging, especially for membrane imaging in biological samples.
INTRODUCTION
Confocal microscopy is a mature and widely used tool in biological studies. However, its lateral and axial resolution are limited by diffraction, imposing a limitation on its utility in examining the finer structures present in the cell membrane. The basal membrane of the cell is typically a hotbed of cellular processes involving structure, trafficking, signaling and are widely targeted for drug delivery [1] . However, the fine size of the membrane, a few nanometers, precludes the use of confocal microscopy in studying its features exclusively. This is due to the inability of a confocal microscope to discriminate the signal emanating from the membrane as its sectioning capability is in the order of 600 nm. This makes non-invasive optical imaging of cellular membranes particularly challenging.
Among current optical techniques to study the cell membrane, Total Internal Reflection (TIR) microscopy has emerged as a powerful tool that offers superior axial sectioning [2] .
Due to the evanescent nature of the excitation, only fluorophores in the vicinity of coverslip are selectively imaged, leading to smaller detection volumes. In the commonly used throughthe-objective configuration, it suffers from difficulties such as inhomogeneous illumination on the sample and stray excitation. Moreover, in a confocal configuration, there is a significant degradation of the lateral resolution and it is technically challenging to realize diffraction limited focus spots with purely evanescent waves [3, 4] .
An alternate approach to surface-confined imaging is to detect exclusively the supercritical angular fluorescence (SAF) emission [5] . When an emitter is sufficiently close to an interface between two media with different refractive indices, the near-field components of its emission can become propagative in the medium with the higher refractive index. This manifests as light emitted into angles well above the critical angle (θ c = arcsin(n 1 /n 2 )) where n 1 and n 2 are the refractive indices on either side of the interface. Such supercritical angular emission can be as high as 34 percent of its total energy for a molecule located on the interface itself and sharply decreases when it is farther away [6] . In imaging biological samples, there exists a sharp refractive index discontinuity at the boundary of the cell, i.e. the membrane itself (n cell = 1.33 -1.38) and the coverslip-immersion medium (n g = 1.5), thus fulfilling the conditions necessary for supercritical angular emission.
The discrimination of the supercritical angle fluorescence components (SAF) from the under critical angle fluorescence (UAF) is the key to realize membrane specific imaging.
Ruckstuhl et. al have demonstrated a scanning microscope that separated the SAF from the UAF for surface specific imaging [7] . This was achieved with a specialized objective with an aspherical lens for excitation and detection of the UAF components and a parabolic collection element that collected exclusively only light emitted at the super-critical angles. While this objective is highly effective in bio-sensing and imaging applications [8] ,it offers a relatively lower illumination numerical aperture(N.A. = 1.0) [9, 10] than conventional high NA objective lens. Our work is aimed at offering membrane specific imaging on any conventional microscope with relatively minor modification. In this context, we demonstrate the use of a commercially available high N.A. lens to perform surface imaging in a confocal configuration. Contrary to the earlier approach, the discrimination of the SAF and UAF components happens at the back-focal plane of an aplanatic objective lens as in [11, 12] for wide-field microscopes. This follows from the Abbe's sine condition which maps the angular emission of a fluorophore to a radial position on the backfocal plane, ρ(θ em ) = f obj n imm sin θ em where ρ is the radial co-ordinate at the back focal plane, f obj is the focal length of the objective, n imm is the refractive index of the immersion medium and θ em is the emission angle of the dipole.
Hence, filtering operations can be conveniently performed on a conjugated plane to separate the SAF and the UAF components of emission. The significant difference to widefield SAF detection with a central mask is that the lateral resolution is not degraded,thereby enabling high resolution surface images with no additional image processing.
A simplified view of the optical setup for SAF imaging is presented in Fig.1 . We use an inverted microscope (Ti-E, Nikon) equipped with a 3D piezo-electric stage scanner is broader than the conventional Airy disk [13] . We measure the focused spot size in SAF detection to be 1.7 times larger than the conventional Airy spot with a CCD camera. We As a test of optical sectioning in the presence of a bright background, we place a 1 mM solution of Rhodamine 6G in ethanol on a coverslip and acquire a set of measured intensity values upto a depth of 1.5 µm with 100 nm steps. In Fig.2 , we clearly see that while the intensity values in the confocal detection stay constant, the signal in the SAF detection decreases as we probe deeper into the sample despite a large number of fluorophores being excited. We find the axial contrast ratio in this experiment, C = (I max −I min )/(I max + I min ), along the axis for SAF detection as C SAF = 0.42 and for confocal detection as C con = 0.02, where I max and I min are the maximum and minimum fluorescence intensity counts recorded in the axial stack for the respective detection mode. The measured intensity curves are not to be misinterpreted as the confinement of the detected volume itself. We briefly describe the formation of an image in SAF detection as
where P SF (r, z) is the complete 3D point spread function accounting for both excitation and detection conditions, MCE(z) is the molecular collection efficiency for an emitter at a given axial position, Q is the quantum yield and r, z are the lateral and the axial co- For quantitative information about the true confinement, the parameter to be estimated is the decay rate of MCE with imaging depth. We acquire a full 3D image stack of 5µm fluorescent beads (Fig.3) . A significant improvement in the images of the surface plane is clearly visible in the SAF detection compared to the confocal detection (Fig.4) . Furthermore, when the focus of the excitation spot is scanned axially, the confocal detection channel records a complete image of the bead while the SAF channel registers only a de-focused image of the surface plane as expected. Following the method introduced by Mattheyses et.al [14] , we analyze the surface image of the bead to deduce the confinement. In a confocal configuration, the pinhole efficiently rejects any stray light that might have been scattered into the super-critical angles. Hence a mono-exponential decay component is sufficient to model the experimental curve and the confinement is measured to be 167 ± 9 nm.
A major drawback of widefield SAF detection is the degradation of the lateral resolution due to the broadening of the detection point spread function and the vSAF technique was introduced to overcome this limitation [15] . However in confocal-SAF, the lateral resolution is determined by the intensity distribution of the excitation light at the focus. Hence, a careful tuning of the objective's correction collar is important to negate the influence of the refractive index mismatch. A solution of 100 nm beads on a coverslip was imaged both in the SAF and confocal modes with a step size of 50 nm and the lateral resolution was determined to be 226 ± 12 nm in the SAF and 211 ± 9 nm in the confocal mode. The slightly larger PSF can be attributed to the use of the full numerical aperture of the objective (N.A. = 1.49) for excitation in an index mismatched sample, introducing spherical abberation. However its effects are similar in both the modes of imaging and a resolution comparable to conventional confocal microscopes is attained with relatively little experimental effort. In order to demonstrate the application of confocal-SAF microscopy in biological samples, we image actin filaments in fixed CHO cells stained with ATTO488 dye. Actin microfilaments are largely present in the cytoskeleton of the cell and closely interact with the cellular membranes governing several processes involving motility and signalling. We clearly see its features preserved in the SAF image while light from the volume of the cell is rejected.
Also, to ensure these vanishing features in the SAF image are not artifacts, we acquired a 3D stack and verified in the confocal images that these regions corresponded to actin filaments extending deeper into the cell. The speed of acquisition was limited to 2 ms per pixel due to the piezo-electric scanner. However, introduction of well-positioned scanning mirrors could easily facilitate faster image acquisition. In future, we intend to extend our work to realize simultaneous detection of both the UAF and SAF components to realize tomographic sectioning based on the ratio of detected intensities.
In this letter, we have demonstrated the potential of confocal-SAF microscopes to detect highly surface specific features with high lateral resolution. An important implication of using conventional microscope optics is the ability to combine SAF detection in applications requiring more freedom on the illumination side, like PSF engineering, wavefront and polarization coding, tighter focal spots like multi-photon excitation and super-resolution techniques, fluorescence correlation spectroscopy and multi-colour imaging. This would enable a wide array of multi-modal imaging configurations in the future. The remarkable simplicity and ease of the technique makes it a powerful optical tool for non-invasive surface imaging.
The authors thank S.Lecart for helpful comments on the article. This work has been supported by grants from the L'Agence Nationale de la Recherche (ANR STEDFLIM, ANR SMARTVIEW) and RTRA Triangle de la Physique. E.F.thanks AXA Research Fund for financial support.
